Mechanical treatment of cellulose is an emerging concept for dramatically increasing the hydrolytic reactivity of cellulose. We report here the recent developments in the field of mix-milling and mechanocatalysis for cellulose pre-treatment. Mix-milling enhances the solid-solid contact between cellulose and carbon catalyst during hydrolysis reaction. Kinetic study shows that mix-milling specifically enhances the rate of cellulose to oligomer hydrolysis (13 fold), whereas the rate of oligomer to glucose hydrolysis is not influenced. Very high glucose yield of 88 % was obtained by mix-milling cellulose with K26 and using trace amount of HCl. Mix-milling was also applicable for single-pot hydrolytic hydrogenation of cellulose to sugar alcohols. Ru/AC catalyst was stable under mix-milling condition and 68 % of sugar alcohol was obtained using only 9 atm H2 pressure. Unlike mixmilling, mechanocatalysis takes advantage of presence of strong acid catalyst during milling to depolymerize cellulose. Completely soluble glucans were obtained after 7.5 h of milling in the presence of 0.25 mmol of acid g -1 cellulose. The glucans were highly reactive towards conventional and transfer hydrogenation reaction, affording ca. 90 % sugar alcohol yield in both cases after 1 h reaction. The transfer hydrogenation of cellulosic glucans was successfully upgraded to a lab-scale fixed-bed reactor.
Introduction
Depletion of fossil fuels and concerns over anthropogenic climate change has accelerated the research to utilize biomass as a sustainable feedstock. As per the science and innovation policy outlined by the Japanese government, biomass is expected to be a major source f o r e n e rg y a n d c h e m i c a l p r o d u c t i o n b y 2030 1) . Biomass is regenerated from CO2 and water by photosynthesis, making it a sustainable feedstock for energy and chemical synthesis. Lignocellulose, with a global production of 2 10 11 tons annually 2) , has the highest potential among various types of biomass to serve as a feedstock for carbon based chemicals in the future 3) . Non-edible polysaccharides constitute the bulk of lignocellulosic biomass in the form of cellulose and hemicellulose. Catalytic transformation of these polysaccharides is necessary to achieve the target of replacing the fossil fuels with lignocellulosic biomass in the near future.
Cellulose is the most abundant organic polymer on our planet, present as the major component of lignocellulosic biomass. It is a homopolymer purely composed of glucose units and is ideally suited for selective production of value added chemicals and platform molecules 4) 6) . Catalytic conversion of cellulose is essential to selectively produce platform chemicals in high yields without formation of degradation products. However, efficient and economical conversion of cellulose to platform chemicals still remains a challenge due to its recalcitrant structure. The cellulosic structure is composed of a 3D network of inter and intra molecular hydrogen bonds resulting in the formation of recalcitrant crystalline phase, which restricts the access of catalyst to the β (1 4) glycoside bonds (Fig. 1) .
Pretreatment of cellulose is often employed to reduce the degree of crystallization, particle size and degree of Fig. 1 The Molecular Structure of Cellulose polymerization, which increases the reactivity of cellulose 7) . Conventional pretreatment methods such as steam explosion, acid and alkali treatment are not suitable because of low selectivity towards final products, and problems associated with recyclability of chemicals. Use of non-derivatizing solvents is also proposed but separating the cellulose from the solvents is a major challenge in this method 8) . Due to these problems, there is a need to develop a facile method for treatment of cellulose. An ideal pretreatment method should be cost effective, increase reactivity of cellulose, does not produce by-products, and be feasible to scale up for commercial application.
Mechanical milling is an emerging concept for treatment of cellulose and biomass to increase its reactivity. Use of milling for altering the behavior of cellulose was practiced as early as the 18th century 9) , and influence of mechanical grinding on the reactivity of cellulose is also known since many decades 10) . Recently, the use of ball-milling to reduce the degree of crystallinity and particle size has gained momentum due to the emergence of lignocellulosic biomass as renewable feedstock 11), 12) . Ball-milling causes decomposition of the crystalline structure resulting in formation of amorphous cellulose (Fig. 2) . Under hydrothermal reaction conditions amorphous cellulose undergoes hydrolysis at a lower temperature compared to crystalline cellulose 13) and it also exhibits higher rate of hydrolysis 12) . However, a large amount of energy is required for milling of cellulose and the small increase in cellulose reactivity does not justify the use of ball-milling pretreatment. The current milling technology is highly inefficient and innovations are required to improve the energy efficiency of the method. Recently milling methods involving co-milling of cellulose and catalyst were reported to improve the milling efficiency. In this review we highlight the recent progress in mechanical treatment of cellulose by our group.
Conversion of Cellulose by Heterogeneous
Catalysis Using Mix-milling Pre-treatment Solid catalysts have been applied for selective depolymerization of cellulose in the recent years because they can be easily separated from the reaction solution 14) . Kinetic study has shown that solid catalyst such as Pt/C can accelerate the hydrolysis of cellulose 15) . However, the apparent activity of solid catalysts is usually low due to the limited collision between catalyst and solid cellulose. In this section, we show our recent results, where the contact between catalyst and cellulose is increased by mix-milling process. 17) , and many researchers have focused on use of other sulfonated materials to improve the catalytic performance for cellulose hydrolysis 18) . On the contrary, we found that a mesoporous carbon CMK-3 can hydrolyze cellulose to glucose in 16 % yield without the need for sulfonation 19),20) . It was speculated that the active sites on the carbon were weakly acidic functional groups such as carboxylic acids. Various other carbon catalysts were tested for hydrolysis of ballmilled (60 rpm for four days) cellulose at 503 K in water for screening of active catalyst 21) . The most active catalyst was a non-commercial alkali-activated carbon K26, which was prepared by impregnation of coke powder with KOH followed by heat treatment at 700 under N2 flow. The solid was then washed with dilute HCl and water to remove the remaining KOH. Using K26 as the catalyst, a 60 % conversion of cellulose with a glucose yield of 36 % (60 % selectivity) was obtained (Fig. 3) . Other major products were fructose (2.7 %), mannose (2.6 %), soluble oligosaccharides (2.5 %), and 5-hydroxymethylfurfural (3.4 %). K26 was reusable for four times without significant loss in activity. Other alkali-activated carbons such as K20 (prepared using similar method as K26) and MSP20 (Kansai Coke and Chemicals Co.) also showed good activities (35 % and 26 % yields of glucose, respectively), whereas carbon blacks XC72 and BP2000 (Cabot) were almost inactive (5.8 % and 6.4 %). The yield of glucose strongly depended on types of carbon catalyst used. It is notable that the graphitic surface of carbon also plays a role in adsorbing the cellulosic molecules by van der Waals force, CH _ π hydrogen bonding, and hydrophobic interaction 22) , 23) . Hence, both hydrophilic and hydrophobic groups on carbon are essential for superior performance of the catalyst.
The yield of glucose was at most 36 % in the screening tests, and the maximum yield was still 40 % after the optimization of reaction conditions. The limited collision between carbon and cellulose results in the slow hydrolysis of cellulose, and the subsequent decomposition of glucose readily happens during the reaction. Therefore, the most active catalyst, K26, and cellulose were ball-milled together to improve their contact, called mix-milling hereafter 21) . The mixmilled sample was subjected to milder hydrolysis conditions at 418 K for 24 h, which provided glucose in 72 % yield (Fig. 4) 
24)
. On the other hand, the hydrolysis of individually ball-milled cellulose by K26, gave only 17 % yield of glucose under the same reaction conditions. The mix-milling pretreatment drastically improved the catalytic performance. It is noteworthy that mix-milled K26 can be recovered by centrifugation or filtration after reaction similarly to pristine K26.
To elucidate the cause of increase in the yield of glucose after mix-milling, we performed characterization of mix-milled and individually milled cellulose samples. The characterization was done by viscometry, X-ray diffraction (XRD), 1 H _13 C cross polarization magic angle spinning nuclear magnetic resonance (CP/ MAS NMR), and laser diffraction. Slight reduction in the viscosity-average polymerization degrees was observed for mix-milled and individually milled cellulose from 1240 to 690 and 640, respectively; using calculation parameters in a literature 25) . These values were similar and remarkably higher than those obtained after mechanocatalytic treatment using H2SO4 (ca. 6.5) 26) . In our observation, mechanocatalytic hydrolysis during the mix-milling was almost negligible. XRD and 13 C solid state NMR measurements indicated that both the mix-milled and individually milled cellulose samples were in amorphous form with crystallinity index of less than 5 %. Median diameters of secondary particles were also similar to each other (30-40 μm). Hence, the drastic enhancement of hydrolysis by our mix-milling pretreatment would be due to establishment of better contact between K26 catalyst and cellulose and not due to mechanocatalytic hydrolysis.
The physicochemical natures of mix-milled and individually milled cellulose samples were similar, which allowed us to kinetically evaluate the contact effect of mix-milling using the two materials 24) . The hydrolysis of mix-milled cellulose smoothly took place at 418 K, and the amount of oligosaccharides was maximized at 6 h (44 % yield) and then decreased gradually. Yield of glucose was raised up to 72 % at 24 h, but subsequently decreased due to successive decomposition. The first-order approximation 15) was used to determine rate constants of hydrolysis of solid cellulose to soluble oligosaccharides (k1), that of soluble oligomers to glucose (k2), and glucose decomposition (k3). k1 (0.17 h -1 ) was very slightly larger than k2 (0.16 h -1 ); viz., the hydrolysis of solid cellulose was no longer a slow reaction in this system. Furthermore, k1 and k2 were both about 10-fold greater than k3 (0.017 h -1 ), and these high ratios provided glucose in a good yield (72 %). The rate constants were also calculated for the hydrolysis of individually milled cellulose by K26: k1 0.013 h -1 , k2 0.16 h -1 , and k3 0.017 h -1 . Accordingly, the mixmilling improved k1 by 13 times and kept k2 and k3 constant, representing the selective enhancement of solidsolid reaction. If either the catalyst or the substrate was soluble in water, the contact created by mix-milling would be lost under aqueous hydrolysis conditions. This was confirmed as the mix-milling pretreatment brought in no positive influence on the hydrolysis of cellulose by a model soluble catalyst, benzoic acid. We conclude that the mix-milling accelerates the hydrolysis of cellulose by forming good solid-solid contact.
The next focusing point is the further increasing the yield of glucose from cellulose and real biomass. Since the mix-milling dramatically promotes the solidsolid reaction, the quick hydrolysis of soluble oligosaccharides (k2) before the degradation of glucose (k3) is also important to obtain glucose in high yields. We decided to combine K26 along with a trace amount of homogeneous acid in a 100 ppm order (pH 2), as soluble oligosaccharides are hydrolyzed even by the mild acid 21) . The small amount of acid and its neutralization have no negative economic impact, and some of stainless steel reactors can be used in this pH range. Finally, the hydrolysis of mix-milled cellulose in 120 ppm HCl at 453 K for 20 min gave an 88 % yield of glucose with 90 % selectivity (Fig. 4) . HCl provided the best performance in the screening of acids, whereas H2SO4, commonly used in the cellulose conversion, was less effective because the formation of conjugated base (SO4 2- ) decreased the rate of hydrolysis. This system was applied to the conversion of bagasse pulp containing cellulose 59 wt%, hemicellulose 27 wt%, and lignin 9 wt% by a commercial inexpensive carbon BA50. A two-step reaction was designed to selectively hydrolyze both cellulose and hemicellulose as follows. The first step at 453 K gave glucose in only 1.9 % yield from cellulose, whereas xylose and arabinose were obtained in 78 % yield from hemicellulose. The second reaction at 483 K afforded glucose in 74 % yield, but the amount of xylose and arabinose obtained was only 16 %. Hence, cellulose and hemicellulose were separately hydrolyzed with good selectivity using this cascade reaction.
Hydrolytic Hydrogenation of Cellulose by
Carbon-supported Ruthenium Catalysts Supported Pt and Ru catalysts are active for the hydrolytic hydrogenation of cellulose to sugar alcohols, namely, sorbitol and mannitol, under H2 pressure without adding soluble acids 3), 14) . These catalysts are active for both hydrolysis of cellulose to glucose and the subsequent hydrogenation of glucose to sorbitol. However, the slow hydrolysis rate due to limited contact leads to the decomposition of the desired products during long reaction time.
We have found that a Ru/AC (AC: activated carbon, Norit SX Ultra) can convert cellulose to sugar alcohols under unusually low H2 pressure (7 atm, 1 atm 1.031325 10 5 Pa) 27) , but the successive decomposition of sugar alcohols are rather severe in this system. Thus, the yield of sugar alcohols was at most 38 % in the conversion of individually milled cellulose. Kinetic analysis of the conversion of individually milled cellulose by Ru/AC at 463 K provided the pseudo-first order rate constants of 0.27 h -1 for hydrolysis of cellulose to glucose via oligosaccharides, 3.5 h -1 for hydrogenation of glucose to sugar alcohols, 1.5 h -1 for side-reaction of glucose, and 0.060 h -1 for decomposition of sugar alcohols 28) . Accordingly, the rate-determining step for the production of sugar alcohols was the hydrolysis of cellulose, and this step was only 4.5 times faster than the rate of degradation of the desired products. Moreover, cellulose gradually became less reactive during the reaction, which further decreased the ratio of rate constants of hydrolysis/decomposition to ca. 1.
In order to accelerate the hydrolysis step, we applied three methods: the mix-milling pretreatment, the addition of H4SiW12O40 in the reaction 29) , and that of HCl 30) . In a controlled experiment without any additional treatment or addition of acid, the yield of sugar alcohols was only 25 % under 9 atm of H2 at 463 K for 3 h (Fig. 5) .
The use of mix-milling predominantly enhanced the hydrolysis step, and a 67 % yield of sugar alcohols was achieved under the same conditions. Regarding the effect of mix-milling on Ru species, operand quick X-ray absorption fine structure (QXAFS; NW10A beam line on KEK-PF, proposal No. 2010G591) study has revealed that the high catalytic activity of the Ru/AC catalyst was derived from highly dispersed metallic Ru (1.5 nm) formed in-situ. The milling pre-treatment did not affect this characteristic of Ru/AC catalyst. In contrast, the addition of acids increased the rate of sidereactions, and yield of sugar alcohols was less than 30 %. These results clearly show the advantage of mix-milling, which is selective acceleration of solid-solid reaction.
Mechanocatalytic Treatment of Cellulose to Obtain Soluble Oligomers
As discussed earlier, ball-milling of pure cellulose is limited to the transition of its structure from crystalline to amorphous phase. Ball-milling also induces cleavage of β (1 4) glycoside bond causing a slight decrease in the degree of polymerization (DP) 31) . In 2010, Blair et al. reported milling of cellulose in the presence of solid acid co-catalyst using an attritor 32) . The solid acid catalyst caused rapid depolymerization of cellulose during milling at 350 rpm, resulting in the formation of soluble glucan oligomers. Using layered mineral dealuminated kaolinite, they were able to obtain glucans with 84 % water soluble fraction after 3 h of milling. A significant improvement in this method was made by replacing solid acid catalyst with mineral acids 33), 26) . Acidulated cellulose was first produced by impregnating pure cellulose with small amount of acid using diethyl ether or water as a solvent. Dried acidulated cellulose was then subjected to planetary milling to obtain depolymerized glucan oligomers. Strong acids (pKa 1.0) were effective for obtaining soluble fraction ( Table 1) . HCl was only effective for the treatment when organic solvent was used for impregna-tion. In case of water the HCl was lost in the vapor form during the drying step. Nevertheless, mineral acids were capable of producing 100 % soluble glucan oligomers with a short time ball-milling (7.5 h) at 300 rpm.
Rapid depolymerization of cellulose was observed during acid catalyzed milling 26) . The degree of depolymerization was proportional to both acid amount and milling time. The DP quickly reduced from 200 to less than 10, at which point the substrate was substantially soluble in water. Interestingly, further increase in solubility was not coupled with a similar decrease in DP (Fig. 6) . For example, in the case of 7.5 h milled samples, the solubility increased from 82 to 100 % when acid loading was increased from 0.16 to 0.25 mmol g -1 of cellulose. However, the average DP remained constant at 6.5 units. Furthermore, straight chain glucans with 6-7 glucan units are not completely soluble in water 34) . Therefore, the oligomers were hypothesized to undergo nonstereospecific changes in glucan chain to increase solubility 26), 33) . Using solution state high resolution NMR Beltramini et al. confirmed the repolymerization of glucose and cellobiose forming α (1 6) linked short branches on the glucan chain. Up to 9 % of the anhydro-glucose monomers were found to be present as α (1 6) branches. The small amount of physisorbed water present on the surface of the cellulose is not sufficient for complete depolymerization. Therefore, the lack of water for hydrolysis can promote the repolymerization reaction with glucan chain to form branched oligomers. It must be noted that such repolymerization was not reported by Blair et al. when solid acid catalyst was used; instead increased amounts of degradation products were observed in their case. This suggests that the presence of mineral acid influences the repolymerization of glucans during mechanocatalytic milling.
1. Hydrolytic Hydrogenation and Transfer
Hydrogenation of Soluble Glucans to Sugar Alcohols Soluble glucans are expected to show high activity towards hydrolysis reaction due to their instant solubility and low DP. Beltramini et al. found that using Ni _ Pt bimetallic catalyst supported on alumina 90 % yield of sugar alcohols was achieved under conventional hydrogenation condition with 50 atm of H2 (at 298 K) and only 1 h of reaction at 473 K (Fig. 7) 
26)
. Mineral acids added during mechanocatalytic treatment also take part in the reaction, promoting hydrolysis and degradation of desired products. Dehydration of sugar alcohols by H2SO4 resulted in formation of 1,4-anhydrosorbitol. Removing H2SO4 before the reaction reduced the yield of 1,4-anhydrosorbitol to only 1.4 % but the yield of hydrolysis was not hampered. In comparison, the yield of hexitols from using ball-milled and untreated cellulose was substantially lower. Requirement of high pressure hydrogen is a major drawback for the conventional hydrogenation reaction to produce C6 sugar alcohols. We have already investigated the use of in-situ hydrogen donor alcohols as an alternative to high pressure H2 for hydrolytic hydrogenation of cellulose to sugar alcohols (Fig. 8) 27) . Ru supported on carbon catalyst (Ru/AC) was active for conversion of amorphous cellulose to sugar alcohols in the presence of 2-propanol. Ru/AC catalyzed both the dehydrogenation of 2-propanol to acetone and the hydrogenation of reducing terminals of sugars, which resulted in a 43 % yield of sugar alcohols. The active Ru species has been identified as highly dispersed Ru metal particles (1.5 nm) by in-situ XAFS measurement 28) . Thus, it was expected that this transfer hydrogenation reaction can be applied to the conversion of soluble glucans to sugar alcohols 35) . Under batch conditions, using Ru/AC catalyst, C6 sugar alcohols yield of 83 % was obtained at 180 in 1 h reaction time, which is comparable to the yield using conventional hydrogenation reaction. Through mechanistic study, we proved that the pathway of hydrogen from 2-propanol to C6 sugar alcohols does not involve formation of molecular H2. As no overhead H2 was required for this reaction to proceed, the process was successfully upgraded to a lab-scale fixed-bed continuous flow reactor system. Yield of C6 sugar alcohols was dependent on liquid hourly space velocity (LHSV) (Fig. 9) . Decreasing LHSV allows sufficient time for hydrolysis of glucans, which increases the sugar alcohol yield. The catalyst was highly stable under the fixed-bed reaction conditions and no apparent drop in activity was observed for 12 h. This application of a fixed-bed reactor system for continuous production of sugar alcohols proves the potential scale up capability for this process in conjugation with the mechanocatalytic treatment.
Conclusion
Use of solid catalyst for conversion of cellulose is severely hampered by the limited contact between catalyst and cellulose. The current method of individually milled cellulose is highly inefficient and it should be replaced with the recently developed method of milling cellulose with a co-catalyst. Mix-milling and mechanocatalysis are two such methods with different mode of action. Mix-milling specifically enhanced the hydrolysis of cellulose to oligomers by 13 times by Remarkably high yield of glucose (72 %) was obtained with mix-milling in comparison on individually milled samples (17 %) under the same reaction conditions. The application of mix-milling was equally successful for conversion real biomass and more than 70 % yield of C5 and C6 sugars was obtained using a cascade reaction. Similarly, mix-milling can also be applied for hydrolytic hydrogenation of cellulose to produce sugar alcohols using Ru/AC catalyst. The Ru catalyst was stable during mix-milling treatment and 67 % yield of sugar alcohols was achieved after 3 h reaction. Unlike mix-milling, mechanocatalysis causes depolymerization of cellulose to form water soluble glucans in the presence of acid catalyst. Low pKa mineral acids showed highest activity for depolymerization of cellulose. Formation of degradation products was low and instead repolymerization of glucose was observed which enhanced the solubility of glucans with higher DP. The soluble glucans were highly reactive under hydrogenation and transfer hydrogenation conditions and approximately 90 % yield of sugar alcohols was obtained in both cases after 1 h of reaction. Complete solubility of cellulose after mechanocatalytic treatment offers a distinct advantage of obtaining a non-slurry feed that can be reacted under fixed-bed reactor conditions. A lab-scale fixed-bed reactor was used to demonstrate this reaction and sugar alcohols yield of 33 % was obtained using Ru/AC catalyst. Both mix-milling and mechanocatalysis are emerging as promising methods for tackling the recalcitrance of cellulose. No heating or separation of solvent is required after treatment which is a distinct advantage of these methods. Moreover, use of inexpensive carbon or small amount of acids also improves the economic prospect of this process. Further work is required to optimize the process to reduce energy required and analyze the feasibility of implementing this process at large scale. We expect that these methods can also be applied for catalytic conversion of other substrates.
